I. INTRODUCTION

F
OR optical display and image processing applications, it is necessary to develop devices and components that can detect, process, and transmit information with great adaptability and efficiency. Current image sensors are based upon high-performance, but expensive, charge-coupled devices (CCDs). The high cost of CCD-based sensors originates from the incompatibility of CCD technology with present VLSI and microelectronic technologies [1] - [4] . One way to realize affordable and easily mass-produced monolithically integrated image sensors, which could potentially affect the consumer market, involves optoelectronic parallel processing systems. Such a technology should be able to detect, process, and transmit near-perfect optical images and related information that would adapt automatically to changing scenarios and environments. A densely packed two-dimensional array of phototransceivers that can detect, process, and transmit images with high sensitivity and efficiency, and dissipate little power, would be an attractive element in current image-sensing applications. Unlike the requirements from phototransceivers in conventional optical communication systems [5] - [8] , very stringent power handling and dissipation requirements have to be met. For example, in a 100 100 element array, the phototransceiver in each pixel should be capable of detecting input power as low as 1 W, and the electrical power consumption of each phototransceiver should not exceed 500 W. Each pixel may consist of three colors (i.e., phototransceivers). The bandwidth is usually not an important factor in such massively parallel architectures.
Impressive results recently have been demonstrated in GaAs-based vertical-cavity surface-emitting lasers (VCSELs) and microcavity light-emitting diodes (MCLEDs) [9] - [17] . Threshold currents less than 40 A and a quantum efficiency of more than 20% have been reported in oxide-confined VCSELs [9] , [10] , and external quantum efficiency exceeding 16% has been achieved in resonant-cavity LEDs [13] . While VCSELs are preferable in most applications, MCLEDs demonstrate higher quantum efficiency at very low injection current levels 40 A . Another advantage of MCLEDs is their ease of fabrication and integration with other devices.
In this paper, we will describe the design and performance characteristics of two GaAs-based low-power phototransceiver circuits. The first circuit consists of an oxide-confined VCSEL monolithically integrated with a high-sensitivity heterojunction phototransistor (HPT). The circuit demonstrates high optical gain (10 dB) at low incident optical power (2.5 W) and consumes relatively low electrical power (760 W). The second circuit consists of an MCLED monolithically integrated with a high-sensitivity HPT. This circuit demonstrates an optical gain of 7 dB and dissipates 400 W of power at W. In Section II, the circuit design, heterostructure growth, and fabrication steps are described. The performance characteristics of individual devices and optoelectronic integrated circuits (OEICs) are described and discussed in Section III. Finally, the most significant results are summarized in Section IV.
II. DESIGN AND FABRICATION
A. Equivalent Circuit and Heterostructure Design
The phototransceiver circuit consists of a high-gain phototransistor integrated with an MCLED or an ultra-low-threshold 0733-8724/01$10.00 ©2001 IEEE VCSEL. The main function of the OEIC is to detect, amplify, and retransmit optical signals with high gain, low noise, high resolution, and minimum power consumption. The input and output light wavelengths can also be different, if necessary. The equivalent circuit of the OEIC is shown in Fig. 1(a) . In the circuit, a vertical integration scheme, with an isolation layer, is adopted in which the heterostructure of each device is independently optimized. This approach provides advantages of one-step epitaxy, simpler fabrication, and higher yield.
The heterostructure shown in Fig. 1(b) was grown, in a single step, by molecular-beam epitaxy. The VCSEL/MCLED, which is first grown, utilizes 23 periods of undoped GaAs/AlAs and three periods of n-doped (5 10 cm ) GaAs Al Ga As distributed Bragg reflector (DBR) mirror grown on a semi-insulating GaAs substrate. Only the top three periods are doped in order to reduce free carrier absorption, which might affect the threshold current of the laser and the efficiency of the MCLED. The active region consists of a single In Ga As GaAs quantum well that emits light at 980 nm. The thickness of the barrier and well regions is 100 and 60 Å, respectively. Two undoped graded superlattice spacer layers are used to sandwich the quantum-well region and form the 2 cavity. A 24-nm Al Ga As layer is grown on top of the cavity layer to provide current confinement after lateral wet oxidation of the layer. A quarter-wave layer of p GaAs is grown on top of the cavity and forms the top contact layer. This heterostructure essentially forms the MCLED. To realize a VCSEL, six pairs of MgF/ZnSe are deposited to form the top DBR mirror.
The performance of an HPT is usually determined by its responsivity and quantum efficiency. For massively parallel applications, high values of and are not required. The MQW-HPT consists of a 4175 n cm GaAs subcollector layer, a 1000 p cm GaAs base, a 1810 n cm Al Ga As emitter, an 890 n cm Al Ga As subemitter, and a 1390 n cm GaAs contact layer. The collector/absorber layer consists of 3 In Ga As GaAs quantum wells (80-Å well and 1300-Å barrier). The layers are designed such that the MQWs are placed at the maxima of the optical field distribution of the incident light. The quantum-well absorption peak occurs at 980 nm, which coincides with the resonant frequency of the bottom DBR mirror. Our objective was to compare the performance of the phototransceiver with 850-and 980-nm light, where a partially resonant cavity with the bottom DBR is formed. As will be evident later, we have characterized the phototransceiver with both 850-(GaAs) and 980-nm (MQW) input photoexcitation. The HPT heterostructure is separated from the MCLED by a 0.29 mAl Ga As etch-stop layer and a 0.42 m GaAs layer. The purpose of these undoped layers is to facilitate the fabrication process and to electrically isolate the HPT from the MCLED. To increase the optical gain of the HPT, the base transit time should be minimized and the electron mobility should be maximized. Based on this, the base region is chosen to have a thickness of 100 nm and a doping of 10 cm (doped with Be). The low base doping also helps to prevent outdiffusion, which may occur during the epitaxy, processing, and circuit operation and result in possible junction displacement toward the emitter, away from the GaAs Al Ga As heterojunction. Such displacement would introduce parasitic homojunction effects and results in a reduction in the current gain and the optical gain of the circuit. To ensure minimal outdiffusion of Be, the base and emitter layers are grown at 560 C, and the rest of the heterostructure is grown at 600 C.
B. Circuit Fabrication
The OEIC is fabricated by standard photolithography and liftoff techniques and a combination of dry and selective wet etching. The fabrication procedure is as follows: the HPT layers, above the MCLED (or VCSEL), are selectively etched away in order to expose the MCLED p-contact layer. A combination of dry and wet etch are used. The MCLED mesa is then formed by etching in a mixture of BCl and Ar gases, followed by etching in H PO
H O H O (1:1:30), to remove any damage that may have resulted from the reactive ion etching (RIE). The sample then undergoes cleaning in an oxygen plasma, followed by a long clean in hot photoresist stripper (PR1000) prior to oxidation. The sample is then oxidized in a clean horizontal tube furnace at 450 C in a water vapor ambient. The exposed Al Ga As layer is laterally oxidized to form the desired active area size. The lateral oxidation rate of Al Ga As at 450 C is 2 m . This is followed by p-ohmic Pd/Zn/Pd/Au , and n-ohmic Ni/Ge/Au/Ti/Au contact formation. The emitter mesa of the HPT is then delineated using a combination of RIE and wet etching. The collector contact metal is next deposited and the devices are isolated. The HPT and the MCLED/VCSEL are planarized by polyimide deposition. Interconnection metal (Ti/Al/Ti/Au) with 1.5 m thickness is then evaporated. The emitter cap GaAs layer on top of the HPT is next removed by wet etch. If the light emitter in the OEIC is intended to be a VCSEL, then six pairs of 1790-Å MgF/830 Å ZnSe are selectively deposited to from the top mirror. The schematic and photomicrograph of the phototransceiver are shown in Fig. 2(a) and (b) , respectively.
III. DEVICES AND CIRCUIT CHARACTERISTICS
A. MCLED and VCSEL Characteristics
The main advantage of VCSELs for this application is that they have low threshold current 100 A and can provide very high quantum efficiency. Unfortunately, to provide a high efficiency, the VCSEL should be operated well above , which enhances the circuit power dissipation. In order to maintain the power dissipation of the circuit at 500 W (or less), the integration of HPT with a MCLED might be more appropriate. To ascertain whether the VCSEL or the MCLED is more suitable for the operation of the OEIC, we have compared their output characteristics. It may be remembered that both devices are made from the same heterostructure. An additional top MgF/ZnSe DBR provides VCSEL characteristics. The devices tested have 3 m apertures defined by lateral wet oxidation of the Al Ga As layer. As can be seen in Fig. 3 , the MCLED has 7 differential quantum efficiency for a wide range of operating currents 400 A . On the other hand, the VCSEL, with six pairs of MgF/ZnSe, has a threshold current of 90 A and 35 quantum efficiency. The results imply that in the phototransceiver, the VCSEL can provide higher optical gain (by a factor of five) than the MCLED. It should be noted that the difference in gain can be compensated by redesigning the HPT to attain higher optical gain (responsivity) in the MCLED. From the data shown in Fig. 3 , it can be concluded that for low power dissipation, a phototransceiver circuit can be realized with a high-efficiency MCLED. The peak output wavelengths of the VCSEL and MCLED are 985 and 980 nm, respectively.
B. Phototransistor Characteristics
The optical gain (or responsivity) of the phototransistor, which is considered as an important performance characteristic, is determined by factors such as carrier recombination in the neutral and space-charge regions and surface recombination. The fabricated MQW-HPTs have a diameter of 85 m and window opening of 35 m. The devices have low dark current 2 nA and reasonably high breakdown voltage V . The offset voltage is very close to zero, indicating symmetric BE and BC junctions. The optical gain and DC characteristics of the fabricated MQW-HPTs, without antireflection coating, were measured using 850-and 980-nm lasers, a tapered optical probe, and HP4145 parameter analyzer. The responsivity of the HPT was determined by measuring the photogenerated current as a function of incident optical power. The responsivity and the photocurrent of the HPT as a function of input power (850 nm) are shown in Fig. 4(a) . As observed from the measured data, the device exhibits high optical gain at low input power ( A/W at W). The responsivity can be increased, at least by a factor of 1.3, with the incorporation of an antireflection (AR) coating on the top surface. Shown for comparison, in Fig. 4(b) , is the responsivity with 980-nm photoexcitation. It is interesting to note that the two responsivity curves are comparable. We believe that the small absorption in only three quantum wells is compensated by the resonance effect at 980 nm provided by the bottom DBR. Because of this similarity in the responsivity characteristics of the HPT, the phototransceiver circuits were characterized with only 850-nm light. Fig. 2(b) shows the scanning electron photomicrograph of one pixel, consisting of four phototransceivers. The pixel size is 500 500 m . The relatively large pixel size is used here in order to facilitate the circuit characterization. The optical input-output characteristics of the monolithically integrated circuits were measured using a GaAs laser, a tapered optical probe, and a Ge detector. The measured input-output characteristics ( nm and nm) of the VCSEL and MCLED-based monolithically integrated circuits, without AR coating, are shown in Fig. 5 . The figure also shows, for comparison, the calculated input-output characteristics of the OEICs using computer-aided design tools (MEDICI). Both circuits show excellent characteristics at low input power.
C. Phototransceiver Characteristics
The optical gain of the OEIC is a function of input power (i.e., photocurrent), which originates from the dependence of the current gain of the HPT on the collector current. The optical gain of the phototransceiver, neglecting surface recombination, can be expressed as (1) where differential quantum efficiency of the MCLED or VCSEL; quantum efficiency of the HPT; recombination current in the base-emitter space charge region; recombination current in the neutral base region; collector photocurrent; ; ideality factor of the phototransistor; electron charge; light energy; constant derived from the ratio of . At low current,
; and at high current, . The ideality factor of the MQW-HPT is estimated to be 1.3 from the current gain of the phototransistor. The measured optical gain and power dissipation of the OEICs are shown in Fig. 6 . As can be seen in the figures, the VCSEL-based OEIC exhibits an optical gain of 10 dB at an input power of 2.5 W. The corresponding power dissipation of the circuit is 760 W. On the other hand, the MCLED-based circuit demonstrates higher optical gain than the VCSEL-based circuit at input powers less than 2 W. At W, the MCLED-based circuit exhibits an optical gain of 7 dB. The total power consumption of the circuit at this input power is 400 W. The optical gain of the MCLED-based circuit can be further increased by using AR coating on the HPT and optimization of device parameters (base doping and thickness of MQW-HPT and optical confinement factor of MCLED). It is evident that the MCLED-based OEIC demonstrates low power dissipation and high optical gain, which are necessary for the envisioned application.
It is important to consider the noise performance of the circuit. With the MCLED as the light emitter, shot noise in the HPT and the LED is the dominant source of noise. It should be noted that unlike an avalanche photodiode, the HPT has less excess noise associated with the gain process. The power signal-to-noise ratio of the circuit is given as shown in (2) at the top of the next page [18] , where input power; total current consisting of photocurrent and dark currents; frequency-dependent current gain; common emitter current gain; Boltzmann constant; effective noise temperature; load resistance associated with the MCLED; effective bandwidth of the circuit; m mean square noise current due to shot noise in the MCLED. The calculated signal-to-noise ratio of the OEIC at W is 19 dB. The frequency response of an HPT-MCLED phototransceiver was measured using a high-speed single-mode edge-emitting GaAs laser ( ) and HP8593A spectrum analyzer. The laser was modulated with an HP8350 sweeper oscillator and coupled onto a single-mode fiber. The modulated light was focused onto the HPT with a tapered optical probe, and the optical response of MCLED was measured by a high-speed photodiode low-noise amplifier, and spectrum analyzer. The frequency response of the monolithically integrated circuit is shown in Fig. 7 . The measured bandwidth of the photoreceiver, which is limited by the RC time constant of the HPT, was 80 MHz.
IV. CONCLUSION
Two low-power GaAs-based monolithically integrated phototransceiver circuits have been designed, fabricated, and characterized. The first phototransceiver, consisting of a low-threshold VCSEL and a high-gain phototransistor, demonstrates an optical gain of 10 dB and power consumption of 760 W at an input power of 2.5 W. The second circuit, consisting of a high-efficiency MCLED and a high-gain phototransistor, demonstrates an optical gain of 7 dB and power consumption of 400 W at an input power of 1.5 W. The MCLED-based circuit exhibits a small signal modulation bandwidth of 80 MHz, limited by the RC time constant of the circuit. It is evident that the OEICs demonstrate low power dissipation and high optical gain, which are required for highly parallel imaging and sensing applications.
